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ABSTRACT: Estimates for the thickness of the interface between poly (2,6-dimethyl-1,4-
phenylene oxide) (PPO) and copolymers of styrene–acrylonitrile (SAN) and styrene–
maleic anhydride (SMA) based on the theory of Helfand and Tagami are compared to
neutron reflectivity (NR) measurements. Good agreement is found between the NR
measurements and theoretical predictions that make use of a mean field binary inter-
action model and previously reported binary interaction energies. The techniques
outlined in this work may be used to understand relationships between the mechanical
properties of multiphase polymer blends and the fundamental thermodynamics of
polymer interactions. © 1998 John Wiley & Sons, Inc. J Polym Sci B: Polym Phys 36: 3115–3125,
1998
Keywords: interfacial thickness; PPO; SAN; SMA; neutron reflectivity NR; binary
interaction energies

INTRODUCTION

The properties of a multiphase polymer blend are
determined in part by the nature of the polymer–
polymer interface. The interfacial tension, g, in-
fluences morphology development during melt
mixing while interfacial thickness, l, is related to
the adhesion between the phases in the solid
blend. A quantitative relation between the ther-
modynamic interaction energy and these interfa-
cial properties was first proposed in the theory of
Helfand and Tagami, and has since been corre-
lated with experimental measurements with
varying degrees of success. The goal of this study
is to further investigate whether theory and ex-
periment can be unified for polymer pairs of some
technological importance.

To this end, a set of carefully designed neutron
reflection experiments were performed to mea-
sure the interfacial thickness between poly (2,6-
dimethyl-1,4-phenylene oxide) (PPO) and styre-
ne–acrylonitrile (SAN) copolymers, and between
PPO and styrene–maleic anhydride (SMA) co-
polymers. PPO and polystyrene (PS) are com-
pletely miscible; however, by incorporating in-
creasing amounts of AN or MA repeat units into a
copolymer with styrene, unfavorable interaction
energies result, giving rise to immiscibility, with
PPO creating an interface that varies in thickness
as a function of the copolymer composition. For
these blend systems, the overall interaction en-
ergy can be calculated using a mean-field binary
interaction model expressed in terms of the inter-
actions between repeat unit pairs. All the binary
interaction energies needed for this study have
been reported previously or can be extracted di-
rectly from reports of blend phase behavior. Pre-
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dictions of l as a function of copolymer composi-
tion can be made by combining the binary inter-
action model with the Helfand–Tagami theory.

BACKGROUND

Many studies have reported measurements of in-
terfacial properties using a variety of techniques.
These include, for example, neutron and X-ray ref-
lectometry, ellipsometry, and transmission electron
microscopy to estimate interfacial thickness, and
capillary thread breakup, pendant drop curvature,
and imbedded-fiber retraction to estimate interfa-
cial tension. A portion of this research has focused
on block copolymers,1,2 while other studies have
looked at the interface between two homopolymers,
and to a lesser extent between a homopolymer and
a random copolymer. Typically, a parameter such
as temperature, molecular weight, or copolymer
composition is varied in these studies.

The present study is motivated by the excellent
agreement found between the measured interfa-
cial thickness for bisphenol A polycarbonate (PC)
and SAN for a single composition of 25 wt % AN
and that calculated using the Helfand–Tagami
theory. Mansfield3 reports a l of 45 Å from neu-
tron reflectivity measurements. Figure 1(a) shows
l, calculated in the limit of infinite molecular
weight, as a function of SAN composition, and
predicts a value of approximately 46 Å for the 25
wt % AN. The calculation is based on established
binary interaction energy values4 of BS/PC 5 0.43,
BS/AN 5 6.8, and BPC/AN 5 4.5 cal/cm3, and uses
the unperturbed molecular dimensions for PC
and SAN25 reported in Table I. Figure 1(b) com-
pares calculations of the PC/SAN interfacial ten-
sion to values obtained by capillary thread insta-
bility measurements. Reasonable agreement is
demonstrated, particularly with respect to the
minimum in the composition dependence. The
discrepancy is greatest at large AN compositions
where it is suspected that higher viscosities cause
capillary measurements to become increasingly
difficult.

The system of polystyrene/poly (methyl
methacrylate) (PMMA) has been studied exten-
sively. Fernandez et al.6,7 and Anastasiadis et al.8

used neutron reflectivity to measure an interfa-
cial thickness of 50 6 10 Å. With estimates for the
PS/PMMA binary interaction energy that range
in value from 0.19 to 0.26 cal/cm3, the Helfand–
Tagami theory predicts the interface to be approx-
imately 35 to 45 Å thick. These calculations ac-

count for the molecular weight of each polymer
and use the unperturbed molecular dimensions
for PS and PMMA given in Table I. The upper end
of the predicted range is reasonably consistent
with the experimental values. Furthermore, two
independent studies13,14 report the PS/PMMA in-
terfacial tension to be 1.2 6 0.1 dyne/cm, which is
within the range of 1.0 to 1.8 dyne/cm estimated
by theory.

The agreement between experiment and the-
ory has not been quite so favorable in other stud-
ies, however, and various efforts have been made
to remedy or explain apparent discrepancies.
Schubert and Stamm15 used NR to study PS/
PMMA interfaces and found thicknesses ranging
from 42 to 66 Å, depending on the PMMA molec-
ular weight; they attempted to bring these values
in line with their calculations by subtracting the
as-prepared interfacial roughness. As pointed out
by others, however, this correction is unfounded
because the equilibrium of the annealed interface

Figure 1. Interfacial properties of PC and SAN as a
function of copolymer composition. (a) Interfacial thick-
ness calculated assuming infinte molecular weight and
using binary interaction energies reported in the text.
(b) Interfacial tension calculations compared with mea-
surments by capillary thread instability (see ref. 5).
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should be independent of the initial state. More
recently, work by Sferrazza et al.16 suggested that
capillary waves in thin films may be a possible
source of disagreement. The authors propose that
thermally induced capillary waves can stabilize
less diffuse interfaces in thin-film samples. This
effect was documented in NR characterization of
the interface between bilayers of PMMA (4000 to
9000 Å thick) and PS of varying thickness (50 to
20,000 Å). The interfacial thickness was shown to
increase logarithmically as the PS top layer thick-
ness increased to approximately 1000 Å, but then
leveled off and became invariant for thicker sam-
ples. In the regime where these effects became
negligible, the authors reported an interfacial
thickness of 51 6 7 Å, which is consistent with
other reports.

A study of several homopolymer/copolymer sys-
tems using ellipsometry suggests that the predic-
tive capability of the Helfand–Tagami theory may
exclude highly diffuse interfaces.17–19 For immis-
cible blends of PMMA with SAN copolymers, the-
oretical predictions described the change in inter-
facial thickness as a function of copolymer com-
position; however, a large discrepancy existed in
the magnitude of the measured and predicted val-
ues. Similar deviations were observed for immis-
cible blends of PS with S/MMA copolymers. The
authors suggest that these interfaces, on the or-
der of 100 Å thick, may be too broad to be accu-
rately modeled by the Helfand and Tagami the-
ory. They point out that the Helfand theory is

derived in the limit of strong segregation where
interpenetration must be much smaller than the
dimensions of the polymer coils. They note im-
proved agreement for the system of PMMA with
S/MMA copolymers where the interfaces are 100
Å or less in thickness, but large uncertainty in the
ellipsometry measurements prevented critical
comparison with theory.

INTERFACIAL THEORY

Helfand and Tagami first proposed a theory to
predict the interfacial properties of immiscible,
noncompressible polymers that balances energet-
ics and conformational entropy at the interface.
Later refinements by Helfand and Sapse20 gener-
alized the results to account for the properties of
each polymer so that in the limit of infinite mo-
lecular weights the interfacial thickness is given
by21

l` 5 Î2RT
B ~bA

2 1 bB
2 !1/2 (1)

In this expression, B is the interaction energy
density for the polymer pair and bi is related to
the dimension of the polymer coil as shown

bi 5 Îri

6 ~^ri
2&/Mi!

1/2 (2)

Table I. Polymer Physical Properties

Polymer
Mw

(g/mol)a
Mn

(g/mol)a
Density
(g/cm3)

(^r0
2&/M)1/2

3 104 (nm)b
(b/v) 3 1026

(Å22)

PS — — — 650 —
PMMA — — — 600 —
PC — — — 920 —
dPPO 27,300 14,200 1.133 840 4.46
SAN15 182,000 83,000 1.064 725 1.59
SAN20 179,000 84,300 — 750 1.65
SAN25 152,000 77,000 1.078 775 1.69
SAN30 168,000 81,000 — 805 1.73
SAN40 122,000 61,000 1.092 850 1.79
SMA8 200,000 100,000 1.079 665 1.53
SMA14 178,000 92,000 1.104 675 1.62
SMA33 260,000 130,000 1.191 705 1.96

a According to IFO 31-8, the term “molecular weight” has been replaced with the relative molecular mass, Mr. However, the
conventional notation Mw and Mn (representing weight-average and number-average molecular weight) are used here.

b SAN and SMA molecular dimensions calculated as linear function of copolymer composition using reported values of 650 nm
for PS, 770 nm for SAN with 24 wt % AN, and 732 nm for SMA with 48 wt % MA.
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where ^ri
2& is the mean square unperturbed end-

to-end chain distance and Mi is the molecular
weight. Likewise, interfacial tension is expressed
in the same nomenclature as

g` 5 ÎRTB
2 ~bA 1 bB! F1 1

1
3

~bA 2 bB!2

~bA 1 bB!2G (3)

The interaction energy B used in eqs. (1) and (3) is
the same as that in the classical Flory–Huggins
theory

Dgmix 5 RTFrAfAln fA

MA
1

rBfBln fB

MB
G 1 BfAfB (4)

It is convenient to use the interaction energy
density in this formulation rather than the con-
ventional dimensionless x parameter because this
avoids the awkward use of reference volumes,
especially when the components of the overall
interaction energy for copolymer systems are de-
rived from multiple sources.

For a homopolymer/homopolymer system, such
as PS/PMMA, B is simply the binary interaction
energy density between the two repeat unit types.
For the homopolymer/copolymer system of PPO/
SAN (or analogously for PPO/SMA), an overall B
can be calculated using the appropriate form of
the binary interaction model, given here as

B 5 BPPO/SfS 1 BPPO/ANfAN 2 BS/ANfSfAN (5)

where fS and fAN are volume fractions of styrene
and acrylonitrile in the SAN copolymer.

More recently, the Helfand–Tagami theory was
extended by Broseta et al.22 to treat finite molec-
ular weights by using an asymptotic approxima-
tion to square gradient theory. For the smallest
molecular weights used in this study, the approx-
imation leads to an underestimate of less than 5%
relative to the full square gradient theory. The
entropic gain associated with finite molecular
weights gives rise to broadened interfaces and
reduced interfacial tension with a correction to l`

as shown

l 5 l`F1 2
2RT ln 2

B S rA

MA
1

rB

MB
DG21/2

This correction can increase l on the order of
10–30%. Furthermore, it was demonstrated for
the case of polydisperse systems that there is an

entropic advantage when small chains segregate
to the interface. Small chains can lower the inter-
facial tension and increase the interfacial thick-
ness.

EXPERIMENTAL

The physical properties of the polymers used in
this study are listed in Table I. More detailed
characterizations of the SAN and SMA copoly-
mers have been reported previously.4,12,24 The
perdeuterated PPO was provided by the General
Electric Co.25 The molecular dimensions used in
the l calculations, taken from the literature, are
included in Table I as values of (^ro

2&(/M)1/2, where
^ro

2& is the unperturbed mean-square end-to-end
distance.26–31 Typically, these values were esti-
mated from viscometry or light-scattering mea-
surements made in good solvents and then ex-
trapolated to dimensions corresponding to theta
conditions using the techniques of Stockmayer–
Fixman or Kurata–Stockmayer. Dimensions for
SAN and SMA were calculated as a linear func-
tion of copolymer composition based on values
reported for PS, for a SAN containing 24 wt % AN,
and for a SMA containing 48 wt % MA.

Bilayer samples of dPPO and SAN were pre-
pared by first spin coating dPPO layers (; 400 Å
thick) from a solution containing 1.5 wt % poly-
mer in toluene onto polished silicon wafers 10 cm
in diameter and 5 mm thick. Next, SAN films
(nominally 1200 Å thick) were spin cast from a
solution of 3 wt % polymer in methyl ethyl ketone
onto glass plates. Each SAN layer was floated off
its glass plate onto a pool of water and then the
dPPO-coated silicon wafer was used to pick up the
floating SAN film; thus, a bilayer sample with the
construction Si/dPPO/SAN was created. Samples
were held under vacuum at room temperature for
several hours to remove residual water or solvent.
At least three annealing treatments were per-
formed on each sample, the first at 140°C for
1.5 h, the second at 140°C for 9 h, and the third at
180°C for 0.5 h.

Difficulties with floating the SMA films made it
necessary to reverse the construction order so
that films of the SMA copolymers (; 900 Å thick)
were cast directly onto the silicon wafer, and
dPPO films (; 600 Å thick) were floated on top.
Even with the reversed construction, however, it
was difficult to produce high-quality samples ow-
ing in part to the brittleness of the dPPO films.
Only three Si/SMA/dPPO bilayer samples were
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made and tested because of these limitations.
These samples were annealed at temperatures of
140, 150, and 180°C for 3 to 8 h.

Neutron reflectivity experiments were per-
formed on the NG7 reflectometer at the National
Institute of Standards and Technology cold neu-
tron research facility in Gaithersburg, MD. All
samples were tested as cast and following each
annealing treatment, in most cases with the inci-
dent neutron beam entering through the silicon
substrate. A single layer of each polymer was also
tested to directly measure the coherent scattering
length density (b/v). These values were used to
reduce the number of unknowns in fitting a re-
flectivity model to NR data. Table I records these
fitted values, which are in good agreement with
calculated estimates.

BINARY INTERACTION ENERGIES
FOR PPO/SAN AND PPO/SMA

Binary interaction energies, Bij, relevant to the
polymers investigated have been evaluated previ-
ously. Table II summarizes the most refined esti-
mates of these values that are available to date
(to convert to S.I. units of J/cm3, multiply cal/cm3

by 4.187). This table includes the polymer system

investigated, the method of evaluation, and when
available, the evaluation temperature.11,12,32–39

Three binary interaction energies are required
to calculate the PPO/SAN interfacial thickness,
namely: BPPO/S, BS/AN, and BPPO/AN. The S/AN
interaction has been estimated by various phase
behavior observations, all of which report a value
of about BS/AN 5 7.0 cal/cm3. Reports of BPPO/S
included in Table 2 span a range of 20.52 to
20.34 cal/cm3. A number of evaluation techniques
including observations of phase behavior, small-
angle neutron scattering (SANS), forward recoil
spectrometry (FRES), and calorimetry have been
used.12,34–37,40 Maconnachie et al.34 investigated
BPPO/S as a function of temperature by SANS. A
fit to their data gives: xPPO/S 5 0.121–77.9/T,
where x is a Flory–Huggins-type interaction pa-
rameter. The latter is related to the binary inter-
action density, B, by

x 5
BVref

RT (7)

where Vref is a reference volume that usually is
taken as the molar volume of some repeat unit.
Because the molar volumes of PS and PPO repeat
units are similar, an average value of Vref 5 106

Table II. Binary Interaction Energies

Interaction
Pair

Reported Interaction
Energy (cal/cm3)

(at T°C)
Bij at 140°C
(cal/cm3)a,f Polymer System Methodb Reference

S/AN B 5 6.7 (25) 6.5 PMMA/SAN A 32
B 5 6.8 (170) 6.9 SMA/SAN A 12
B 5 7.0 (120) 7.0 PMMA/SAN B 33
B 5 7.3 (30) 7.0 TMPC/SAN B 11

PPO/S x 5 0.121 2 77.9/T 20.52c PPO/PS C 34
B 5 ,20.37 (180) ,20.38 PPO/SMA A 12
x 5 20.043 (200) 20.38 PPO/chlorinated styrenics A 35, 36
x 5 0.145 2 78/T 20.34c PPO/PS D 37

PPO/AN — 9.7 2 11.3d PPO/SAN A 38
S/MA B 5 10.6 (180) 10.8 PS/SMA E 39

B 5 10.7 (170) 10.8 SMA/SAN A 12
PPO/MA B 5 14.2 2 15.1 (180) 13.4 2 16.6e PPO/SMA A 12

a Calculated based on an equation of state correction except where noted otherwise.
b A 5 Analysis of miscibility boundaries, B 5 analysis of LCST-type phase behavior, C 5 small angle neutron scattering, D

5 forward recoil spectrometry, E 5 critical molecular weight method.
c x calculated at 140°C then converted to Bij.
d Calculated using BPPO/S 5 20.52 or 20.34 and the report of phase separation at 140°C for a blend of PPO with SAN containing

11.5 wt % AN.
e Recalculated from reported miscibility limits of PPO with SMA containing between 10–12 wt % MA and interactions

summarized here.
f To convert to S.I. units of J/cm3, multiply cal/cm3 by 4.187.
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cm3/mol is used here for conversion of the xPPO/S
parameter to BPPO/S.40 A value of xPPO/S 5 20.068
is calculated at the 140°C annealing condition
which, using eq. (7), corresponds to an estimate of
BPPO/S 5 20.52 cal/cm3. Composto et al.37 ad-
justed the temperature-dependent xPPO/S values
reported by Maconnachie to xPPO/S 5 0.145–78/T
to allow for an improved fit to their FRES diffu-
sion data. Using this modification, a value of
BPPO/S 5 20.34 cal/cm3 is calculated at 140°C.
Several estimates of the PPO/S interaction re-
ported in the literature have been omitted from
Table II. Those made by heat of dilution41,42 or
melting point depression43 measurements were
left out because, in general, they tend to be sev-
eral times larger (more favorable) than estimates
made by more refined methods. Additionally, a
significantly larger estimate determined from the
phase behavior of PS and PPO brominated deriv-
atives33 was not included in Table II because it
required the extraction of several unknown inter-
action parameters from only limited experimental
data.

The work of Kressler and Kammer can be com-
bined with eq. (5) and estimates for BPPO/S and
BS/AN to arrive at an estimate for BPPO/AN. They
report the miscibility boundary of SAN copoly-
mers with PPO to lie, depending on temperature,
somewhere between 9.8 to 12.4 wt % AN; blends
with less than 9.8 are miscible at all tempera-
tures, those with more than 12.4 are immiscible
at all temperatures, and those with compositions
in between show lower critical solution tempera-
ture (LCST)-type phase separation. At the misci-
bility boundary, the overall B in eq. (5) is exactly
balanced by the entropic contribution to mixing,
such that B 5 Bcritical where

Bcritical 5
RT
2 S Î rA

~M# W!A
1 Î rB

~M# W!B
D 2

(8)

A value of Bcritical 5 0.029 cal/cm3 was calculated
for this system using Mw 5 35,000 for PPO and
Mw 5 140,000 for SAN. With the established es-
timate of BS/AN 5 7.0 and BPPO/S 5 20.52,
BPPO/AN is estimated to lie between 10.7 and 12.0
cal/cm3. If BPPO/S 5 20.34 is used instead, the
estimated BPPO/AN lies between 9.2 and 10.1 cal/
cm3. A more refined estimate can be made based
on the observation that a PPO blend with SAN
containing approximately 11.5 wt % AN has a
phase separation temperature of 140°C. From
this, estimates of BPPO/AN 5 11.3 or BPPO/AN 5 9.7

are calculated, with BPPO/S set at 20.52 or 20.34
cal/cm3, respectively.

In addition to the value for BPPO/S discussed
above, estimates for BS/MA and BPPO/MA are re-
quired to calculate the PPO/SMA interfacial thick-
ness. Two independent reports based on phase be-
havior observations estimate a BS/MA of approxi-
mately 10.8 cal/cm3 at 140°C. Using the miscibility
boundary of SMA copolymers with PPO, which lies
between 10 and 12.2 wt % MA in the copolymer,
BPPO/MA was estimated to have a value of 14.2 to
15.1 cal/cm3. This is even more unfavorable than
the PPO/AN interaction. Here, BPPO/MA was recal-
culated using these same miscibility boundaries but
with BS/MA set at 10.8 and with BPPO/S set at either
20.52 or 20.34 cal/cm3. The recalculated range is
13.4 to 16.6 cal/cm3, which is slightly wider than
reported previously because of the allowance for
uncertainty in BPPO/S.

For this study, the temperature dependence of
the binary interactions was approximated using
an equation-of-state based correction that consid-
ers the compressible nature of the system. Char-
acteristic parameters used in these calculations
have been reported previously in the literature.
In most cases, corrections of the binary interac-
tion energies to the 140°C annealing condition are
small. These values are reported in Table II. An
annealing temperature of 180°C was also investi-
gated in this study, but interactions corrected to
this temperature vary only slightly from those
calculated at 140°C.

Equation (5) was used with binary interaction
energies that fall within the range of values re-
ported in Table II to calculate BPPO/SAN, while the
analogue to eq. (5) for PPO/SMA was used to
calculate BPPO/SMA. The results, shown in Figure
2, predict an increase in the interaction energy as
a function of copolymer composition with the de-
pendence being notably stronger for the PPO/
SMA interaction energy. These results are incor-
porated into interfacial thickness calculations
presented later in this article.

PPO/SAN INTERFACE

The neutron reflectivity profiles from as-cast
dPPO/SAN samples show regular, undampened
interference patterns characteristic of well-de-
fined interfaces. After annealing at 140°C for
1.5 h under vacuum, the neutron reflectivity pro-
files shown in Figure 3 were measured. In gen-
eral, as the AN content in the SAN copolymer

3120 MERFELD ET AL.



decreases from 40 to 15 wt %, the interference
pattern becomes more dampened, especially at
larger wave vectors, indicating an increasingly diffuse interface. Further annealing of the dPPO/

SAN bilayers at 140°C for 9 h and then at 180°C
for 0.5 h produced little or no discernible change
in the profiles. For comparison, the reflectivity
profile from a bilayer sample of dPPO and PS,
prepared and tested under similar conditions, is
included in Figure 3. Distinct interference oscil-
lations are absent from this reflectivity profile,
owing to the miscibility of the two polymers.

For each sample, an estimate of the interfacial
profile was made by fitting a reflectivity model to
the NR data. The model accounts for the thick-
ness and neutron scattering density of each poly-
mer layer, for surface roughness, and for a diffuse
interface between the polymer layers modeled as
either an error function or hyperbolic tangent
shaped profile. Because the Helfand–Tagami the-
ory involves a hyperbolic tangent function, all fits
to the neutron reflectivity data were made using a
shape of this form. From a best model fit to each
NR profile, shown as the solid line curves in Fig-
ure 3, the interfacial profiles presented in Figure
4 were estimated. A trend of decreasing interpen-
etration distance with increasing AN content in
the copolymer is observed. By and large, the pre-
dicted interfaces are symmetric.

As illustrated in Figure 4, interfacial thickness
was calculated graphically from the width of a
tangent drawn to the inflection of the interfacial
profile. This measurement corresponds to the in-
terfacial thickness obtained from the analytical

Figure 2. Calculated Flory–Huggins interaction en-
ergies at 140°C for PPO with SAN (solid line) and SMA
(dashed line) as a function of copolymer composition.
Curves are based on the following binary interaction
parameters: BPPO/S 5 20.34, BS/AN 5 7.0, BPPO/AN

5 9.2, BS/MA 5 10.8, and BPPO/MA 5 15.0 cal/cm3.

Figure 3. Composite plot of reflectivity profiles mea-
sured following annealing at 140°C for 1.5 h (offset
from one another by two decades in log R) for the
interface between dPPO and PS, and between dPPO
and various SAN copolymers. Open circles represent
refectivity data, while the solid curves represent the
best-fit of a reflectivity model to the data. Interference
oscillations are not detected in the miscible dPPO/PS
sample (top curve). This interface is out of the resolu-
tion of NR measurements and, therefore, not fit. For
increasing AN content in the copolymer the interface
becomes increasingly sharp, as evidenced by the damp-
ening of interference oscillations.

Figure 4. Interfacial profiles between dPPO and
SAN copolymers extracted from model fits to the
refelctivity profiles shown in Figure 3. The interpreta-
tion of l, which corresponds to the definition of inter-
facial width in the Helfand–Tagami theory, is demon-
strated.
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expression for the theoretically assumed hyper-
bolic tangent profile. This method of evaluating l
is directly comparable with the Helfand–Tagami
theory. Figure 5 is a plot of l vs. SAN copolymer
composition and includes measurements of the
samples as cast and following each annealing
treatment. Error bars denote the resolution limits
of neutron reflectivity and for more diffuse inter-
faces indicate the loss of contrast. They were es-
timated by noting the range of l over which the fit
of the model to the data was acceptable; this cor-
responds to a chi-squared value of approximately
25 and smaller. The as-cast interfaces were esti-
mated to be approximately 10-Å thick, indepen-
dent of copolymer composition. This observation
is important in that it indicates the consistency
and quality of sample preparation. Following an-
nealing of the samples for 1.5 h at 140°C, a trend
developed with l increasing from approximately
10 Å to 65 Å as the copolymer composition de-
creased from 40 to 15 wt % AN. As shown, these
measurements were unaffected by an additional
9 h of annealing at 140°C and, therefore, are
believed to closely approximate equilibrium val-
ues. Furthermore, these widths are representa-
tive of a narrow interface, and thus, comparison
to the Helfand–Tagami theory should be valid.
When these same samples were further annealed
at 180°C for 0.5 h, a slight increase in l was
recorded in two of samples but the observations
are within experimental error of the values mea-
sured at 140°C.

The neutron reflectivity measurements for
dPPO/SAN interfaces are compared with predic-
tions by the theory of Helfand and Tagami in
Figures 6(a) and (b). For presentation purposes,
only the data points corresponding to annealing
condition of 140°C for 1.5 h are shown. The cal-
culations account for molecular weight consider-
ations using eq. (6) and use interaction energies
summarized in Table II. The trend identified in
Figure 2 of an increasingly unfavorable PPO/SAN
interaction energy with increasing AN content is
incorporated into the l calculations according to
eqs. (5) and (6). This contributes to asymptotic
increase in interfacial width as the copolymer
composition is lowered to the miscibility limit
(i.e., neglecting molecular weight effects, as
BPPO/SAN approaches a value of zero). The various
predictions shown in the two figures explore the
uncertainty in the value of the PPO/S interaction

Figure 6. Comparison of dPPO/SAN interfacial
thickness (samples annealed at 140°C for 1.5 h) with
theoretical predictions using BS/AN 5 7.0, (a) BPPO/S

5 20.52, and (b) BPPO/S 5 20.34 cal/cm3, while varying
BPPO/AN over a range of estimated values. The best fit
of the data is found using the following set of binary
ineraction energies: BS/AN 5 7.0, BPPO/S 5 20.34, and
BPPO/AN 5 9.2 cal/cm3.

Figure 5. Interfacial thickness vs. copolymer compo-
sition measured by neutron reflectivity for dPPO/SAN
samples as cast and following various annealing treat-
ments. The as-cast samples have narrow interfacial
widths reflecting reasonably good sample preparation.

3122 MERFELD ET AL.



which is coupled, as discussed in the preceding
section on binary interactions, with the estimates
used for the PPO/AN interaction energy. The
three predicted curves in Figure 6(a) use BS/AN

5 7.0, BPPO/S 5 20.52 and BPPO/AN values rang-
ing from 10.7 to 12.0 cal/cm3. This value of BPPO/S

reflects the most favorable interaction reported in
Table II. Alternatively, if a BPPO/S of 20.34 cal/
cm3 is used, the least favorable interaction re-
ported, with corresponding BPPO/AN values that
fall within the range of 9.2 to 10.1 cal/cm3, the
three curves shown in Figure 6(b) are predicted.

In both Figure 6(a) and (b), the general magni-
tude of the predicted interfacial thickness as well
as the trend with changing copolymer composi-
tion is in reasonably good agreement with the
neutron reflectivity measurements. Of these, per-
haps the best correlation with measurements is
shown as the narrow dashed-line curve in Figure
6(b), which is based on the following set of param-
eters: BS/AN 5 7.0, BPPO/S 5 20.34, and BPPO/AN

5 9.2 cal/cm3. As appropriate, this set of param-
eters may offer refinements to the range of values
reported in Table II.

Even though the identified set of binary inter-
actions accurately predicts the l measurements,
it must be recognized that there is some tolerance
of the curve fit to slight variations in each param-
eter within this set. To quantify this, the sensi-
tivity of the fit to each interaction was evaluated
systematically by holding two of the interaction
energies constant and varying the third while
monitoring the agreement between the predicted
and measured values of interfacial thickness.
Only slight variations of 60.5 cal/cm3 for both
BPPOAN and BS/AN, and of 60.05 cal/cm3 for BPPO/S

were tolerated before the correlation became un-
acceptable. These tolerance levels are low, corre-
sponding to less than 10% of the interaction val-
ues, and attest that only a well-defined set of
binary interactions can produce good agreement
between experiment and theory.

The agreement shown here between theory and
experiment is significant. Problems arising from
sample roughness seem to have been precluded
by careful sample preparation as evidenced by the
uniform and narrow as-cast interfaces. Perhaps
more importantly, the interfaces studied here
were all less than 100 Å thick. These should ar-
guably qualify as strongly segregated and, thus,
validate comparison with the Helfand–Tagami
theory.

PPO/SMA INTERFACE

Bilayers of dPPO/SMA were also studied by neu-
tron reflectivity, but because of the sample prep-
aration difficulties outlined in the Experimental
section, these measurements were less reliable
than those for the dPPO/SAN interfaces. None-
theless, they provide order of magnitude esti-
mates for comparison with theory, and identify
trends with changing copolymer composition. The
interface roughness of the as-cast samples mea-
sured approximately 30 to 50 Å thick, consider-
ably broader and less uniform than the dPPO/
SAN as-cast interfaces. After annealing the
dPPO/SMA samples at 140°C for 3 to 8 h, the
interference oscillations in the dPPO/SMA8 sam-
ple were effectively replaced by total film thick-
ness oscillations, suggesting miscibility with
dPPO. For the dPPO/SMA14 sample, the reflec-
tivity profile was highly dampened at large
wavevectors but distinct oscillations at smaller
wavevectors indicated a broad (.200 Å), yet im-
miscible interface. The dPPO/SMA33 interference
pattern was well defined, corresponding to an in-
terfacial thickness of approximately 60 Å. These
results are consistent with previous reports that
located the miscibility boundary somewhere be-
tween blends containing 10 to 12.2 wt % MA in
the SMA copolymer.

Figure 7 shows Helfand–Tagami predictions of
the PPO/SMA interface. The calculations are
based on physical parameters listed in Table I
and estimates of BS/MA 5 10.8, BPPO/S 5 20.4, and
values of BPPO/MA ranging from 13.4 to 16.6 cal/
cm3. The value of BPPO/S 5 20.4 cal/cm3 was

Figure 7. Prediction of the PPO/SMA interface using
the Helfand–Tagami theory shows a stronger depen-
dence on copolymer composition as compared to that for
SAN in Figure 6.
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chosen for demonstration purposes because it
falls roughly in the center of the range of values
summarized in Table II. Depending on the value
of BPPO/Sand BPPO/MA used in the calculations,
however, the shape of the profile with respect to
copolymer composition can shift considerably.
Nonetheless, experimental observations suggest-
ing the miscibility of SMA8 with PPO is consis-
tent with all predictions. The blend with SMA14
falls within the range of the graph where the
choice of binary interaction parameter values can
significantly alter the shape of the prediction. An
interfacial width larger than 200 Å is consistent
with the predictions. Finally, the SMA33 blend is
predicted to be immiscible but with an interface
much smaller than the 60 Å that was measured.
This disagreement is likely an artifact of sample
preparation.

Compared to PPO/SAN interfaces, PPO/SMA
interfaces are predicted to have a much stronger
dependence on copolymer composition. To a large
extent, this arises from the stronger dependence
of BPPO/SMA on copolymer composition demon-
strated in Figure 2. Although quantitative agree-
ment between theory and experiments could not
be confirmed, this study does verify the steep
dependence of the dPPO/SMA interfacial width
on MA content.

CONCLUSIONS

The interfacial thickness between immiscible
blends of dPPO with SAN copolymers containing
15 to 40 wt % AN was measured by neutron
reflectivity. Independently, the interfacial thick-
ness was predicted using the theory of Helfand–
Tagami coupled with a binary interaction model
that utilizes experimentally determined esti-
mates for binary interaction energies between re-
peat units. Both theory and experiment show an
interface that broadens exponentially as the AN
content in the copolymer decreases toward the
miscibility limit. Depending on the choice of bi-
nary interaction energies selected from within the
range of previously reported values, it was possi-
ble to find accurate quantitative agreement be-
tween experiment and theory. The interface be-
tween dPPO and SMA copolymers was also inves-
tigated and qualitative trends established that
are in agreement with theory. The results of this
study suggest that, at least for the PPO/SAN sys-
tem, the Helfand theory adequately describes the

polymer–polymer interface and that the binary
interaction model captures the nature of intermo-
lecular and intramolecular interactions as quan-
tified by binary interaction energies. Future work
will expand this strategy to include other immis-
cible homopolymer/copolymer blends of commer-
cial interest.
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